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This  report  is  on  the  final  phase  of  the  three  year  programme  of  work  supported 
under  the  terms  of  this  contract.  The  report  is  divided  into  two  sections,  that  dealing 
with  evanescent  wave-induced  fluorescence  of  polymer-surface  interactions,  and  that 
dealing  with  the  fluorescence  of  synthetic  polymers  in  solution. 

Evanescent  wave -induced  fluorescence  spectroscopy 

Earlier  work  describing  the  setting  up  and  performance  of  a  time-resolved 
evanescent  wave-induced  fluorescence  spectrometer  has  been  fully  written  up1,  and  a 
copy  of  the  paper  (in  press)  is  appended. 

The  emission  properties  of  soluble  polydiacetylenes  have  received  considerable 
attention  over  the  past  few  years,  since  they  exhibit  dramatic  solvato,  thermo  and 
elecrrochromic  effects.  The  evidence  for  ID  exciton  diffusion  in  conjugated  polymeric 
systems  of  this  type  promotes  investigations  for  the  theoretical  modelling  as  well  as  the 
technolognical  importance  in  optical  molecular  electronics. 

The  mechanisms  responsible  for  the  spectral  shifts  in  both  absorption  and  emission 
(where  observable)  is  attributed  to  the  degree  of  disorder  in  the  conjugated  rc-electron 
backbone.  In  the  disordered  systems  such  as  those  induced  by  higher  solubilities  of 
high  temperature  solutions  or  better  solvents,  the  conjugation  is  disrupted  which 
reduces  the  effective  conjugation  length  and  results  in  a  shift  to  higher  energy  of  both 
the  absorption  and  emission  spectra.2  Conversely,  a  reduction  in  the  solubility  causes 
order  in  the  polymer  backbone  and  results  in  a  shift  to  lower  energies  of  the  absorption 
and  emission  spectra,  although  in  some  cases  the  increased  order  also  reduces  the 
fluorescence  quantum  yield  to  an  undetectable  level.  The  structural  deformations 
responsible  for  the  observed  changes  in  conjugation  is  an  area  of  controversy.^  In 
disordered  systems  it  is  not  clear  whether  the  forms,  the  existence  of  solvated  single 
chains  is  debated. 

Polymers  based  on  fully  conjugated  backbones  exhibit  large  non-linear  optical 
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effects.  The  technological  importance  of  this  property  is  one  of  the  major  driving 
forces  for  a  greater  understanding  of  the  relationship  between  tne  microscopic 
molecular  properties  and  the  macroscopic  optical  effects.  The  preparation  of  good 
quality  optical  waveguides  based  on  these  materials  is  essential  to  the  evaluation  of  the 
non-linear  properties.  Soluble  forms  of  the  polymers  provide  a  means  for  the 
preparation  of  the  waveguides  by  the  simple  spin  coating  technique,  where  solutions  of 
the  polymers  are  spun  onto  a  glass  substrate.  However,  the  solvating  side-group  can 
be  a  major  influence  on  the  extent  of  conjugation. 

The  aim  of  the  present  study  was  to  use  the  well  known  fluorescence  properties  of 
4BCMU  as  a  method  of  studying  the  molecular  UiHuence  on  the  quality  of  the  thin  films 
used  for  the  optical  waveguides.  In  particular,  the  interfacial  region  between  the 
4BCMU  and  the  glass  substrate  was  of  interest  as  it  is  a  major  influence  on  the  optical 
guiding  properties  of  the  film. 

Using  evanescent-wave  induced  fluorescence  spectroscopy,  emission  from  the 
soluble  polydiacetylene,  4BCMU,  has  been  studied  at  a  fused  silica/2- 
methyltetrahydrofuran  solution  interface.4 

Figure  1  shows  that  the  red  (R)  form  of  4BCMU  in  poor  solvent  (CH  Cl  3/Hexane) 
gives  a  fluorescence  centred  at  550nm,  and  that  in  the  evanescent  wave  experiment, 
where  the  bulk  solution  is  probed  (marked  ewif  in  Figure  1),  an  identical  result  is 
obtained.  The  yellow  (Y)  form  of  4BCMU  in  good  solvent  (2MeTHF)  has  a 
fluorescence  at  525nm,  which  is  reproduced  in  the  ewif  experiment  in  the  bulk  (Figure 


Figure  1 


Bulk  and  Evanescent-Wave  induced  Fluorescence  Spectra 
of  an  R-Form  4BCMU  solution.  (CHC13/Hexane) 
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Figure  3  shows  the  emission  spectra  at  the  interface  for  a  Y  solution  of  4BCMU 
presented  to  a  clean  fused  silica  surface.  The  emission  spectra  are  seen  to  change  for 
up  to  three  hours  from  the  time  when  the  interface  is  first  made.  Initially,  the  emission 
has  a  maximum  at  520nm,  which  rapidly  shifts  to  550nm  and  then  reduces  to  an 
equilibrium  profile.  Two  spectrally  distinct  species  can  be  identified  which  correlate 
with  the  ordered  (R)  and  disordered  (Y)  forms  of  the  polymer.  The  changes  in  spectra 
are  related  to  the  conformational  reorganisation  of  the  polymer  at  the  solid  solution 
interface,  with  evidence  for  polymer  folding. 
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Figure  2 


Bulk  and  Evanescent-Wave  induced  Fluorescence 
Spectra  of  a  Y-Solution  of  4BCMU.  (2MeTHF) 
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Evanescent-Wave  induced  Fluorescence  Spectra  of 
a  Y-solution  of  4-BCMU. 
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The  changes  from  red  to  yellow  forms  which  occur  near  the  surface  on  a  time-scale 
of  3-300  minutes  follow  first-order  kinetics,  as  shown  in  Figure  4.  The  implication  of 
these  results  are  stili  being  assessed,  and  will  be  included  in  the  final  technical  report  of 


this  contract,  due  shortly. 


Figure  4 


Variation  of  Y  and  R  Component  of  4BCMU  Y  Solution 
o  EWIF  with  Time. 
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As  outlined  briefly  in  the  Fifth  periodic  report  on  this  grant,  results  obtained  on 
poly(styrene)  are  at  odds  with  earlier  results  concerning  the  extent  to  which  electronic 
energy-  migration  contributes  to  the  population  of  ’excimer’  sites  in  poly(vinyl  aromatic 
polymers  in  solution  and  bulk  phases.  A  critical  evaluation  of  the  reverse  dissociation 


in  poly(stvrene)  in  solution  using  better  time  resolution  has  led  to  the  conclusion  that 
this  process  is  absent  in  this  polymer,  despite  earlier  evidence  that  it  occurred.  A  brief 
paper  reporting  this  is  in  press  (copy  appended)5.  A  full  review  of  the  implications  of 
our  recent  findings  upon  the  reinterpretation  of  the  relative  importance  of  energy 
migration  and  semental  motion  in  populating  excimeric  trap  sites  in  polymers  is  in 
preparation,  and  will  be  included  in  the  final  report  on  this  contract. 

A  brief  study  has  also  been  carried  out  on  the  fluorescence  from  atactic 
poly(styrene)  films,  cast  from  solution.  In  this  study,  care  was  taken  to  avoid 
continuous  exposure  of  the  film  to  excitation  radiation  at  257.25nm.  as  this  has  been 
shown  to  give  rise  to  fluorescent  products  which  complicate  subsequent  analysis. 

At  298  K.  the  total  fluorescence  spectrum  is  dominated  by  excimer  emission, 
whereas  at  77  K,  the  spectrum  is  dominated  by  monomeric  emission,  as  is  that  of 
attractive  polystyrene  dispersed  in  poly(vinyl  methyl  ether).  The  propensity  for 
excimer  formation  is  thus  strongly  correlated  with  the  freedom  of  motion  of  the 
aromatic  moiety.  This  could  be  due  to  there  being  low  rotational  energy  barriers  to  inter 
molecular  excimei  formation,  or  a  temperature  dependence  to  intermolecular  energy 
migration  in  these  solids.  An  attempt  was  made  to  investigate  this  by  close  analysis  of 
the  kinetics  of  the  excimer  forming  process  using  picosecond  laser  excitation. 
Fluorescence  decay  data  recorded  in  the  excimer  region  could  be  well  fitted  to  a  single 
experimental  decay  with  a  lifetime  of  20ns.  That  a  risetime  was  also  present  was 
established  (thus  indicating  a  time-dependence  of  population,  i.e.  excimer  sites  are  nol 
preformed),  but  the  details  of  this  risetime  were  beyond  the  resolving  power  (lOOps)  of 
the  present  apparatus. 
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Time-resolved  Evanescent  Wave  Induced  Fluorescence 
Spectroscopy 


Part  1 . — Deviations  in  the  Fluorescence  Lifetime  of  Tetrasulphonated  Aluminium 
Phthalocyanine  at  a  Fused  Silica/Methanol  Interface 

“I  1  • 

—  ~riK  |_jf 

Garry  Rumblat,*  A.  J.  Brownt  and  David  Phillips 

Department  of  Chemistry .  imperial  College  of  Science,  Technology  and  Medicine,  Exhibition  Road, 
London  SWT 2 AY,  UK 


Evanescent  wave  induced  fluorescence  spectroscopy  and  time-correlated  single-photon  counting  have  been 
combined  to  provide  a  method  of  studying  the  fluorescence  decay  profiles  of  fluorophores  at  a  solid/solution 
interlace  Using  these  techniques  the  photophysical  properties  of  tetrasulphonated  aluminium  phthalocyanine 
(AiS„Pc)  m  methanol  and  water  solution  have  been  studied  at  fused  silica  interface  In  a  poor  aolvent,  such  as 
methanol.  AiS„Pc  is  shown  to  form  an  adsorbed  monolayer  on  the  fused  silica  surface  and  exhibit  a  fluores¬ 
cence  decay  profile  that  deviates  from  the  simple,  first-order,  alngle-exponential  kinetics  of  the  bulk  solution  By 
changing  the  solvent  to  water,  which  is  a  good  solvent  for  AIS4Pc,  the  surface/bulk  dinsrences1” not  observed 
The  ability  of  time-resolved  fluorescence  spectroscopy  to  distinguish  between  concentration  and  quantum- 
yield  effects  on  evanescent  wave  induced  fluorescence  intensity.  Is  clearly  demortstra’ed 


When  light  in  a  medium  of  refractive  index,  n,.  encounters  a 
medium  of  lowtr  refractive  index.  n:.  two  processes  can 
occur  when  the  angle  of  incidence  is  less  than  the  critical 
angle  ©. .  denned  b>  Snell's  law  as  ©t  =  sin’  '(n2  n,l,  refrac¬ 
tion  occurs  for  angles  of  incidence  >  ©t  total  internal  reflec¬ 
tion  occurs  The  name  total  internal  reflection  (TIRi, 
howexer.  is  a  misnomer,  as  it  implies  that  all  of  the  light 
remains  within  the  more  refractive  medium  This  is  not  the 
case,  as  predicted  by  Maxwell's  equations  of  electromagnetic 
radiation/  ;  since  a  small  amount  of  light  penetrates  the 
lower  refractive  medium  in  the  form  of  a  standing  wave  that 
decaw  exponential!;,  in  intensity  with  distance  from  the  inter¬ 
face  and  is  known  as  an  evanescent'  wave  If  the  lower 
'efractnc  medium  contains  a  chromophore  that  can  absorb 
the  wavelengthisi  of  beht  that  are  incident  at  the  interface, 
then  the.  can  absorb  the  light  wttmn  the  evanescent  wave 
This  principle  can  be  combined  with  conventional  spectro¬ 
scopic  techniques  such  as  IR.;  LrV-visible.33  Raman*  5  and 
fluorescence  spectroscopy.4"3*  to  study  molecules  of  interest 
at  a  solid  interface,  at  distances  that  are  a  fraction  of  the 
wavelength  of  the  incident  light  The  less  refractive  medium 
can  take  the  form  of  a  fluid  solution,  a  solid  film  or  even  a 
gas  with  the  only  limitation  being  that  the  refractive  index  is 
lower  than  that  of  the  solid  medium,  for  the  wavelength  of 
light  used  (IR.  visible.  UV|  It  is  also  possible  to  modify  the 
nature  of  the  surface  without  unduly  affecting  the  nature  of 
the  evanescent  wave,  this  therefore  provides  a  method  of 
studying  surface  interactions  with  simple  spectroscopic  tech¬ 
niques  Early  experiments  were  based  on  IR  and  UV-vistble 
absorption  spectroscopies  and  developed  under  the  name  of 
attenuated  total  internal  reflection  (ATRl  and  have  been  well 
reviewed  3  As  with  most  spectroscopic  absorption  techniques, 
it  was  necessary  to  develop  methods  of  overcoming  the  inher¬ 
ent  insensitivities,  which  were  further  hindered  by  the  small 
interaction  length  between  the  light  and  the  absorbing  solu¬ 
tion  These  were  overcome  in  a  number  of  ways,  the  most 
common  of  which  .as  the  use  multtpl*  "flections,  with  a 
number  of  elaborate  experimental  configurations  leading 
finally  to  the  use  of  planar  dielectric  waveguides*35 
However,  in  recent  years  there  has  been  a  renewed  interest  in 
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the  application  of  single-reflection  techniques  promoted  by 
the  availability  of  intense  laser  light  sources  and  improve¬ 
ments  in  signal  detection  equipment  Total  internal  reflection 
fluorescence  (TIRF),  or  more  precisely,  evanescent  wave 
induced  fluorescence  IEW1F)  spectroscopy,  as  well  as  a 
Raman  analogue  have  been  employed  by  a  number  of  scient¬ 
ific  disciplines,  ranging  from  biophysics 1  ‘ *  to  polymer 

photophysics  30~3' 

One  of  the  most  recent  controversies  in  the  field  of  EWIF 
concerns  the  effects  of  the  surface  on  the  photophysical 
properties  of  the  fluorophore  Steady-state  measurements 
assume  that  the  properties  close  to  the  surface,  specifically  the 
fluorescence  quantum  yield,31’34  are  the  same  as  in  the  bulk 
In  addition,  there  are  incidences  where  the  knowledge  of  the 
homogeneity  of  a  solution  from  the  bulk  to  surface  is 
required,  in  order  to  provide  a  reference  for  more  complex 
systems  This  often  requires  modification  of  the  surface  in 
order  to  render  it  inert.3 1-3 134  Time-resolved  fluorescence 
spectroscopy  has  the  potential  of  resolving  some  of  these  con¬ 
troversies  and  confirm  assumptions,  since  any  changes  in  the 
photophysicai  piopeities  cf  the  chromophore  will  be  reflected 
in  the  fluorescence  decay  profile  30  39~33  Indeed,  it  has  shown 
that  the  photophysicai  properties  of  the  scintillator.  POPOP. 
differ  as  a  function  of  the  proximity  to  a  solid  surface  when 
dissolved  in  a  polymer  matrix. 30,39  In  this  paper  we  use  time- 
resolved  evanescent  wave  induced  fluorescence,  (TREW1F), 
spectroscopy  to  investigate  the  photophysicai  properties  of 
tetrasulphonated  aluminium  phthalocyanine  (A1S4Pc)  m 
methanol  and  water  solutions.  A1S4Pc  is  a  well  characterised 
dye  that  exhibits  a  simple  tingle-exponential  decay  profile  in 
dilute  solution  and  has  interesting  binding  properties  with 
applications  in  photomedicine37  and  molecular  electronics.3' 

Experimental 

Fluorescence  decays  were  recorded  by  time-correlated  single¬ 
photon  counting39  using  a  cavity-dumped,  synchronously 
pumped,  mode-locked  dye  laser  (Coherent  Antares  701-3CD 
7220)  as  an  excitation  source  (/.„  -  590  nm).  The  light,  pol¬ 
arised  perpendicular  to  the  plane  of  excitation  and  detection 
(s-polansed).  was  focused,  using  a  15  cm  focal  length  lens, 
onto  the  mterfacial  region.  Fluorescence  was  collected  per¬ 
pendicular  to  excitation  using  an  /)  collection  lens,  which 
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focused  the  emission  onto  an  ins  and  was  detected  subse¬ 
quently  using  a  red-sensitive  photomultiplier  tube 
, Hamamatsu  R955i  with  a  cv  ii  filter  (Schott  RG645i 
placed  in  front  of  it  to  rem-'  „nv  scattered  laser  light  To 
record  spectra,  the  cut-'ir  .ter  was  replaced  b>  a  1  4  m 
monochromator  AJthc  ugai  the  pulses  from  the  laser  are  10  ps 
in  duration,  the  sl'-wer  response  of  the  detection  electronics 
results  in  a  convoluted  instrument  response  function  of  ca 
500  picose.onds  The  sample  was  contained  in  a  modified 
cuvette  which  allowed  the  solution  to  come  into  contact  with 
th  ‘  v  side  of  a  hemispherical  prism  (Spanoptic,  n,,  —  1.46} 
A  detailed  characterisation  of  the  set-up  can  be  found  else¬ 
where  33  The  surface  of  the  pnsm  was  thorough!)  cleaned 
with  sulphuric  acid  and  water,  but  was  otherwise  untreated 
A!S4Pc  was  obtained  b>  the  sulphonation  of  aluminium 
phihalocvamne  and  punfied  b>  medium-pressure  liquid  chro¬ 
matograph)  40  Water  and  methanol  (BDH  HPLC  grade! 
were  tested  to  ensure  that  no  extraneous  emission  was  obser¬ 
vable  and  were  used  without  further  purification.  Fluores¬ 
cence  decays  on  the  bulk  of  the  sample  were  recorded  by 
using  the  pnsm  to  refract  the  light  into  the  sample  cuvette, 
and  the  collection  optics  translated  to  ensure  that  no  emis¬ 
sion  from  evanescent  region  could  be  simultaneously 
detected  All  decays  were  recorded  to  a  minimum  of  20000 
counts  in  the  channel  of  maximum  intensity  and  analysed  by 
a  non-linear  least-squares  iterative  reconvolution  program, 
with  global  analysis.41  using  the  reduced  y:.  serial  correlation 
coefficient  and  plots  of  weighted  residuals  and  autocorrela¬ 
tion  function  as  a  method  of  determining  the  quality  of  fit 


Theory 

To  understand  tails  the  implications  of  the  concentration  and 
angle  effects  discussed  later,  it  is  necessary  to  outline  some  of 
the  mathematics  which  define  the  relationship  between  the 
evanescent  wave  and  the  observed  fluorescence  intensity  2  54 
for  vertical:'  or  s-polarised  light,  (he  intensity  of  (he  eva¬ 
nescent  wave  as  a  function  of  distance.  :.  perpendicular  to 
the  interface  t-  g-ven  by 

A  ■  =  t  i©  icxpi  -  ;  A I  (1 1 

whe-e  5  is  termed  the  penetration  depth  and  is  related  to  the 
wavelength  of  the  light  /.  the  refractive  index  of  the  solution, 
r.  the  ang.e  y  incidence  0  and  the  critical  angle  for  the 
p'isrr.  Ct>  by 


4-re,  N  i  sin  *  ©  -  sir,:  0,1 

and  f  i0  i  iv  lhe  energo  density  at  :  =  0.  and  is  also  related  to 
the  angle  of  incidence  and  refractive  indices,  by 

It© ,i  -  4  cos*’  0,  [1  -  (n,  n,}3]  (3l 

from  eqn  ( 2 1  it  can  be  seen  that  there  are  two  limiting  cases 
for  A  As  ©  deviates  from  the  critical  angle  and  approaches 
90  ,  a  limiting  penetration  depth  given  by  ( 

A,,*.  —  a  [4rrnlV(l  -  smJ  ©,)]  >  (4) 

is  attained  and  for  the  system  described  here  is  780  A. 
assuming  that  the  concentration  of  the  AlS.Pc  is  sufficiently 
dilute,  so  as  not  to  affect  the  refractive  index  of  the  solvent 
As  0,  approaches  ©t .  A  approaches  infinity  and  refraction 
occurs  The  total  intensity  of  the  evanescent  light  at  any  angle 
of  incidence  greater  than  ©c ,  is  given  by 

|  (.  (©.lexpt  —  :  A I  dr  (5) 


Therefore  for  a  fluorophore  dissolved  in  the  solvent  the 
intensity  of  fluorescenoe  that  would  result  from 
would  be 

f„(A)xj^  tttrktrlC'lS^xpt -z  Al  d:  (6i 

Where  #r)  and  cfz)  are  the  fluorescence  quantum  yield  and 
the  concentration  profile  of  the  fluorophore  in  the  interfacial 
region  For  homogeneous  solutions  that  extend  up  to  the 
surface,  such  that  dhz)  and  cv)  are  independent  of  :  and  are 
therefore  constant,  and  eqn  (6)  reduces  to 

ViwJA)  *  17(0^0 A  (7) 

If  tins  assumption  ts  valid,  then  measurements  of  fluorescence 
intensity  from  the  evanescent  wave  can  be  used  to  verify  the 
existence  of  the  evanescent  wave  and  prove  the  theory  which 
describes  it.3,",’-J4 

A  more  general  treatment,  without  the  assumptions  above, 
can  be  developed  as  follows  The  fluorescence  quantum  yield, 
and  lifetime,  rF ,  are  related  by : 

d>  -  Mf  (81 

where  k,  is  the  rate  constant  for  radiative  decay  of  the  fluoro¬ 
phore  Assuming  that  k,  is  independent  of  environment,  then 
eqn  (6}  can  be  rewritten  as 

;f,;A>  -  |  tfiriotrlL’l©, lexpt -:  AI  d:  (9 1 

Results  and  Discussion 

Fluorescence  decays  of  A1S4Pc  in  bulk  methanol  and  water, 
were  well  described  by  a  single-exponential  decay  function 
with  lifetimes  of  58  +  01  and  60  +  0  1  ns,  respectively 
These  results  demonstrate  the  punty  of  the  samples,  the 
ability  of  the  instrument  to  record  simple  decavs.  and  also 
provide  a  functional  form  of  decay  from  which  any  surface 
induced  deviations  can  be  easily  compared 

Concentration  Effects 

Using  methanol  as  a  solvent  (n,  «  1 .3281  a  senes  of  decays 
were  recorded  at  different  bulk  concentrations  using  the  eva¬ 
nescent  wave  as  the  excitation  source,  at  the  limiting  pen¬ 
etration  depth  of  870  A  (©,  a  77;)  Starting  with  an  initial 
absorbance  of  10  and  reducing  the  concentration  by  a  factor 
of  two  between  measurements.  10  decays  were  recorded,  four 
of  which  are  shown  in  Fig  1  and  are  normalised  to  the 
channel  of  maximum  intensity  The  most  noticeable  observa¬ 
tion  is  the  asymptotic  approach,  with  successive  dilutions,  to 


Fig  I  Evanescent  wave  induced  fluorescence  decay  profiles  of 
AIS.Pc  in  methanol  at  a  penetration  depth  of  870  A  and  al  a  bulk 
concentration  labsorbancei  of  to)  1 .0,  (hi  0063,  (cl  0  004  and  id)  0  00 
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the  decas  recorded  at  infinite  dilution,  at  which  point  no 
appreciable  amount  of  sample  resides  in  the  bulk  of  the  solu¬ 
tion  This  indicates  that  the  AlS.Pc  must  be  binding  to  the 
surface  of  the  fused  silica  prism  Indeed,  repeated  flushing  of 
the  surface  wrh  methanol  failed  to  eliminate  the  fluorescence 
signal  The  second  observation  is  the  difference  in  the  func¬ 
tional  form  of  the  decays  as  a  function  of  bulk  concentration 
If  the  solution  were  homogeneous  up  to  the  surface,  then  no 
difference  in  the  decays  would  be  observed,  with  decays 
exhibiting  single  exponential  behaviour  at  all  concentrations 


Angular  Dependence 

Using  a  sample  with  an  absorbance  of  0.1,  the  influence  of 
the  angle  of  incidence  on  the  decay  profiles  was  studied,  the 
results  from  wh.ch  are  shown  in  Fig  2.  The  angle  of  inci¬ 
dence  influences  the  intensity  profue  of  the  evanescent  wave, 


r  ns 


Fig  '  f'anev.er-  »i>;  induced  fluorescence  decay  profiles  of 
VS4F\  in  me- nano  a-  a  hulk  concentration  labsorbancei  of  0  I  and 
a’  angie-  c?  sr.-der.ce  U‘  64  42  .  Ihi  66  6'  .  tel  ’0  13  and  (d)  *7  42  . 
correspond  -(  '  '  rtrti’u. . depths  of  id  refraction,  (fit  1990  A.  tel 
1 23>‘  A  and  ;  A 


as  discussed  in  the  theory  section,  and  is  summarised  by  eqn 
(1)  and  (2(.  In  a  similar  fashion  to  the  concentration  data,  the 
decay  profiles  change  with  increasing  angle,  asymptotically 
approaching  a  common  profile  in  the  limiting  case  as  the 
angle  of  incidence  approaches  90  .  The  dependence  of  the 
decay  profile  on  the  angle,  once  again  demonstrates  the 
effects  of  the  interface  on  the  transient  photophysical  proper¬ 
ties  of  the  AlS.Pc.  Unlike  fluorescence  intensity  measure¬ 
ments,  the  fluorescence  decay  profiles  are  independent  of 
1/(01  and  depend  only  upon  the  penetration  depth,  A 
Two  conclusions  can  instantly  be  drawn  from  these  data 
first,  the  AlS.Pc  is  adsorbed  on  the  fused  silica  and  the  con¬ 
centration  at  the  surface  is  independent  of  the  bulk  concen¬ 
tration.  Secondly,  the  fluorescence  lifetime  of  the  AlS.Pc,  at 
the  surface,  differs  from  the  bulk  value.  Since  the  fluorescence 
lifetime  and  quantum  yield  are  related,  any  changes  in  the 
lifetime,  as  a  result  of  a  change  in  a  radiative  or  non-radiattve 
rate  of  decay,  will  also  be  reflected  in  the  quantum  yield 
Therefore  the  assumptions  made  in  simplifying  eqn  (6)  to 
eqn  (7).  m  the  theory  section,  cannot  be  made  here 
To  quantify  the  changes  in  the  fluorescence  decay  profile  as 
a  function  of  concentration  and  angle,  the  decays  were 
analysed  m  terms  of  a  sum  of  exponentials,  i.e 

/n(r)«  £  a,  exp  -  (r/t4)  (10) 

i- 1 

The  results  of  this  analysis  are  given  in  Table  I.  In  all  cases 
the  number  of  exponentials,  n,  required  to  describe  the  fluo¬ 
rescence  decays,  was  the  minimum  required  for  achieving  a 
good  fit  In  the  majority  of  cases  the  number  was  three,  with 
the  major  component.  >  80%,  having  a  lifetime  of  ca 
5.5  ±  0.6  ns  This  value  is  similar  to  the  value  derived  from 
bulk  measurements  The  next  most  significant  lifetime  is  ca 
1.6;  1.0  ns.  constituting  ca  10%  of  the  decay,  and  finally  a 
third  component  of  ca  0  4  +  0.3  ns  The  lifetimes  recovered 
are  similar  from  both  the  concentration  data  and  the  angle 


Table  1  Experimental  analysis  of  fluorescence  decays 
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data  The  relative  fluorescence  intensities  that  correlate  with 
each  lifetime  can  be  calculated  from : 

yield,  =  As  xj  £  A1tl  (11) 

y*  i 

In  many  instances  the  number  of  measured  lifetimes  is  a 
reflection  of  the  number  of  non-interacting  fluorescent  species 
contributing  to  the  decay  On  this  basis  there  are  three  differ¬ 
ent  AlS4Pc  species  in  the  interfacial  region.  The  major  com¬ 
ponent  represents  a  species  whose  properties  are  similar  to 
those  of  the  bulk,  whilst  the  other  two  represent  two 
quenched  species,  perhaps  one  adjacent  to  the  interface  and 
the  other  fixed  on  it.  On  this  basis  the  relative  contribution  of 
the  5.5  ns  component  to  the  decay,  would  decrease  in  yield, 
as  the  penetration  depth  decreased  or  as  the  concentration 
was  decreased,  reflecting  the  percentage  of  the  evanescent 
wave  probing  the  bulk  of  the  solution.  Coinciding  with  the 
decrease  m  the  major  component,  an  increase  in  the  percent¬ 
age  yield  of  the  minor  components  would  also  be  observed, 
and  indeed  this  is  the  case,  lending  credibility  to  this  hypoth¬ 
esis.  However,  this  theory  does  not  give  any  reasoning  for  the 
change  in  lifetimes  as  a  function  of  angle  or  concentration. 
For  example  the  lifetime  of  the  'bulk'  species  is  5.0  ±  1.0  ns 
at  infinite  dilution  but  increases  to  6.1  ±0.1  ns  at  the  highest 
concentration  It  must  be  recognised  that  all  the  parameters 
are  derived  from  a  non-linear  least-squares  fit  to  the  mea¬ 
sured  data,  which,  although  it  is  of  exceptional  quality,  does 
require  a  minimum  of  six  variable  parameters  to  describe  it. 
Consequently,  any  apparent  trend  of  any  lifetime  or  percent¬ 
age  yield  with  angle  or  concentration,  may  be  a  consequence 
of  the  fitting  procedure,  which  does  not  give  any  indication  of 
the  correlation  between  the  parameters  If  the  three  non¬ 
interacting  species  theory  is  correct,  then  all  three  lifetimes 
recovered  from  a  set  of  experiments  should  be  the  same,  inde¬ 
pendent  of  angle  or  concentration,  and  the  differing  amounts 


of  each  species  reflected  in  the  pre-exponential  A  factors  To 
tes'  this  theory,  all  the  fluorescence  decays  from  both  the 
angle  and  concentration  dau  weie  analysed  globally,41  where 
three  lifetimes  common  to  all  the  decays  were  calculated.  In 
every  case  an  excellent  fit  was  obtained,  with  an  average 
reduced  y2  of  <1.1  and  no  single  decay  having  a  reduced  y2 
>  1.2.  The  results  of  this  analysis  are  given  in  Table  2  with 
the  three  common  lifetimes  of  6.1, 3.4  and  0.6  ns. 

For  the  A1S4Pc  molecules  bound  to  or  in  the  vicinity  of  the 
interface,  the  interaction  of  the  surface  could  induce  a  change 
in  the  fluorescence  spectrum.  To  examine  this  idea,  two  emis¬ 
sion  spectra  were  recorded  and  these  are  shown  in  Fig  3. 
Spectrum  (a)  corresponds  to  spectra  recorded  at  early  time 
(0-10  ns)  on  the  infinite  dilution  sample,  while  spectrum  (fc) 
corresponds  to  a  total  fluorescence  spectrum  of  the  bulk 
species.  The  total  fluorescence  spectrum  of  the  bulk  species 
peaks  at  680  nm,  whilst  spectrum  (a)  is  red  shifted,  by  10  run, 
to  690  nm.  This  indicates  that  the  species  which  emit  at  early 
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Fig.  3  Fluorescent  spectra  of  A1S4Pc  in  methanol,  recorded  <o) 
under  refraction  conditions,  corresponding  to  a  'bulk'  spectrum  and 
(b)  an  early  gated  (0-10  ns),  evanescent  wave  induced  fluorescence 
spectrum,  recorded  at  a  penetration  depth  of  870  A  and  a  bulk  con¬ 
centration  (absorbance)  of  0  004 


Tabic  2  Global  analysis  of  fluorescence  decays 
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times,  and  which  are  in  the  vicinity  of  the  interface,  are  spec¬ 
troscopically  different  from  those  that  exhibit  bulk  phase 
properties  and  emit  at  later  times.  Spectroscopically  there  is 
evidence  for  only  two  non-interacting  fluorescent  species, 
although  the  contribution  from  the  species  assigned  to  the 
shortest  lifetime  is  small  and  may  not  be  spectroscopically 
observable 

In  the  case  of  infinite  dilution,  if  it  is  assumed  that  the 
adsorbed  layertsi  of  A!SaPc  are  instantly  formed  on  addition 
of  the  high-concentration  solution,  then  the  fluorescence 
decay  corresponding  to  this  case  originates  from  the 
adsorbed  layer  only  and  can  be  considered  as  the  'surface' 
decay.  The  contribution  of  the  6.1  ns  component  to  the 
'surface'  decay  is  ca  50%,  therefore  even  at  infinite  dilution 
there  is  a  sped  s  within  the  evanescent  wave  that  reflects  the 
bulk  environment  This  is  not  too  surprising,  since  even 
under  these  conditions  some  AlS,Pc  molecules  will  be 
desorbed  from  the  surface  into  solution  to  set  up  a  dynamic 
equilibrium.  Assuming  that  the  absorption  coefficient  of  the 
adsorbed  species  is  identical  to  that  of  the  solution  species, 
then  the  ratio  of  the  measured  pre-exponential  factors  are  a 
direct  measure  of  the  ratio  of  adsorbed  A1SaPc  molecules  to 
solution  phase  molecules  within  the  evanescent  wave. 

The  fluorescence  decay  from  the  adsorbed  layer  is  biexpon- 
ential  and  has  been  justified  in  terms  of  two  non-interacting 
fluorescent  species  This,  however,  may  not  be  the  case.  The 
photophysical  properties  of  an  adsorbed  species  can  be 
complex,  with  the  possibility  of  self-quenching  and  energy 
transfer,  as  well  as  unusual  polarisation  effects  that  can  lead 
to  a  non-exponential  decay  The  two  lifetimes  may  therefore 
only  be  parametrising  a  more  complex  functional  decay  form 
The  approximation  of  two  species  is  sufficient  for  the  dis¬ 
cussions  here  and  future  experiments  will  be  aimed  at  eluci¬ 
dating  the  origins  of  the  biexponentiality 

The  conclusions  drawn  so  far  indicate  that  there  exists  an 
adsorbed  laser  of  thickness,  d.  the  concentration  of  which,  on 
the  timescale  of  these  experiments,  is  independent  of  the  bulk 
concentration,  but  may  be  related  to  the  concentration  of  the 
original  high-concentration  solution  The  fluorescence 
quantum  yield  within  the  adsorbed  layer  is  constant  and  ca 
one  third  of  the  bulk  phase  value  Beyond  the  adsorbed  layer 
the  solution  resembi.s  that  of  the  bulk  of  the  solution  If  the 
concentration  gradient  between  the  two  phases  is  small  in 
comparison  with  the  thickness  of  the  adsorbed  layer  and  the 
penetration  depth  of  the  evanescent  wave,  then  the  fluores¬ 
cence  intensity  can.  from  eqn  (6i.  be  written  as 


/ t.i'1  =  f.dd'M  *  /*u,klAl 

expi  —  r  A  l  dr 


=  <0,  rA  1(0, i  J 

+  <P„CB  1/(©,I 


exp(-r  A)  dr 


(12) 


(13) 


w  here  <pA  *  is  the  fluoresence  quantum  yield  of  adsorbed  liulk 
species  and  cA  6  is  the  concentration  of  adsorbed  Tiulk  species 
On  integration,  this  reduces  to 


/„IA)  *  0acaC/(0,)A[1  -expi-d/A)] 

+  d>,cg  C(0,)A  expi-d/A)  (14) 

Hence  the  ratio  of  fluorescence  from  the  surface  to  that  of  the 
bulk  is 


l.a.'Ai  dAcA[l  -  exp(-d  Al]  (J5) 

1 sun1  A i *  0*ct  expi-d  A) 

The  fluorescence  intensity  is  proportional  to  the  area  under 
the  fluorescence  decay  cune.  t  c 


I  x 


A  expt-i  r)  dr  =  Ax 


and  for  a  biexponential  decay 

1  oc  A, t,  +  A2  Tj 

Therefore, 


(16i 


(17| 


A|T,  +  A:  x2  _  d>AcA[l  -  expf-d'A)] 

$,c,  exp<-d/A) 

Substituting  for  the  quantum  yield  of  the  bulk,  4>t,  from  eqn 
(8)  and  rearranging  gives 

jih  ±  'M,  _  <tAcA[exp(d/A)-  1] 

A a  *i c  a 

If  the  thickness  of  the  adsorbed  layer,  d,  is  much  less  than  the 
penetration  depth,  A,  the  exponential  term  in  eqn.  (19)  can  be 
expanded  into  a  Taylor  aeries.  By  using  only  the  first  two 
terms  in  the  expansion,  eqn.  (19)  reduces  to: 


Ait,  Fiiit;  4>AcAfU A)  20) 

At  k,  c, 

Therefore  a  plot  of  1/A  against  (A,r,  +  A2  ,  at  con¬ 

stant  bulk  concentration,  cB  ,  should  iltojoc  straight  line 
with  a  gradient  equivalent  to  {d>AcAlkt)itf{^lun.  These  data 
are  shown  in  Fig.  4,  and  the  line  through  the  data  points  has 
a  gradient  of  2850  ±  150  A  ns.  Similarly,  a  plot  of  1/c,  w. 
(A,t,  +  A 2  r2)  Ag  at  constant  penetration  depth,  A,.„.  should 
also  be  a  straight  line  with  a  gradient  of  (<t>AcJk, ld'Allw. 
However,  in  this  case  the  value  of  the  bulk  concentration 
must  be  modified  in  order  to  take  into  account  the  small 
amount  of  bulk  species  resulting  from  the  desorption  process, 
as  discussed  earlier.  The  ratio  of  the  gradient  from  the  angle 
study,  grad, ,  to  that  from  the  concentration  study,  gradt .  is 
given  by. 

gradc/grad,  -  c,  (21) 

The  limiting  penetration  depth  for  the  concentration  study, 
Ah„ ,  was  ca.  870  A,  and  the  value  of  the  concentration  for 
the  angle  study,  c,.  was  0.1  (measured  in  absorbance 
units)  Combining  these  values  with  the  gradient  from  the 
angle  study,  grad, ,  of  2850  A  implies  that  the  gradient  from 
concentration  study  should  be  0.33  ns.  By  adding  005  to 
each  concentration  value  the  predicted  linear  relationship, 
discussed  above,  was  obtained  and  is  shown  in  Fig.  5. 

The  adsorbed  layer,  d,  is  assumed  to  be  much  smaller  than 
the  limiting  penetration  depth,  A,lm<810  AT,  and  since  AlS,Pc 
is  ca  20  A  x  20  A  x  10  A,  this  indicates  that  the  adsorbed 
layer  is  probably  a  monolayer. 


3.5 


Fig.  4  Plot  of  1/A  tj.  M,t,  +  AJt1)/A,t,  at  t  bulk  concentration 
(absorbance!  of  01.  The  straight  line  represents  a  linear  regression  fit 
to  the  experimental  data  points  with  a  gradient  of  2850  ns  A 
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1 1/(C-<fc)] 

Fig.  S  Plot  of  I.'lC,  -t-  <k)  vs  M,r,  •+  A}  it  a  limiting  pen¬ 

etration  depth  of  870  A,  with  a  value  for  Sc  of  0.CLS3,  giving  the  linear 
relationship  The  straight  line,  of  gradient  0.352  ns,  represents  the 
predicted  relationship  ' 

i  -  >  ' 

It  has  to  be  recognised  that  there  are  a  number  of  assump¬ 
tions  in  the  treatment  of  this  data,  including  the  value  of  n2 
and  hence  &c ,  the  modification  to  the  data  at  different  bulk 
concentrations  and  the  model  itself.  But  in  view  of  these  sim¬ 
plifications,  the  agreement  between  experiment  and  theory  is 
excellent  .  ,  <  _  ,-,I 

By  choosing  water  as  the  solvent,  none  of  the  effects  seen  in 
methanol  solution  are  onserved.  All  decays  could  be  satisfac¬ 
torily  described  by  a  single-exponential  function,  with  a  life¬ 
time  of  6  0  ±  0  1  ns  The  result  is  probably  a  reflection  of  the 
better  solvating  properties  of  water  on  A1S4Pc.  This  will  be 
examined  in  the  future  by  using  the  disulphonated  compound 
AIS.Pc.  which  is  more  soluble  in  methanol  than  in  water. 

The  most  important  results  from  this  work  are  the  obser¬ 
vation  of  AIS4Pc  binding  to  the  fused  silica  prism  surface  and 
the  deviation  from  monoexponentiality  of  the  fluorescence 
decays  recorded  in  the  interfacial  region  Both  of  these  results 
indicate  that  the  interpretation  of  steady-state  fluorescence 
measurements  may  be  erroneous,  unless  the  effects  observed 
here  are  taken  into  consideration  Returning  to  eqn.  (6).  the 
fluorescence  quantum  yield,  dtc),  and  the  concentration 
profile,  etc  I.  are.  in  the  case  of  AlS4Pc  in  methanol,  not  con¬ 
stant  and  the  simplification  relating  eqn  (61  to  (7)  cannot  be 
made  Alternatively,  if  free  AlS4Pc  were  used  as  a  reference 
solution  for  a  more  complex  system,  where  the  A1S4Pc  was 
bound  to  a  larger  molecule  and  acted  as  a  probe,  then  the 
differing  solvent  effects  on  the  free  molecule  compared  with 
the  bound  molecule  would  not  simplify  the  mathematics,  but 
would  complicate  it  However,  when  water  is  used  as  a 
solvent  for  the  AIS4Pc.  the  assumptions  are  valid  since  the 
data  clearly  show  that  quantum  yield  is  independent  of  pen¬ 
etration  depth  and  hence  eqn  (7)  provides  an  accurate 
description  of  this  particular  system. 

Conclusions 

By  combining  the  techniques  of  evanescent  wave  induced 
fluorescence  spectroscopy  and  time-correlated  single-photon 
counting  we  have  developed  a  very  powerful  spectroscopic 
technique  for  investigating  the  properties  of  fluorescent  mol¬ 
ecules  at  a  solid  solution  interface.  By  studying  the  fluores¬ 
cence  spectra  and  decay  curves  of  tetrasulphonated 
aluminium  phthalocyanine  in  methanol  solution  in  contact 
with  a  fused  silica  surface,  we  have  shown  that:  (a)  the  dye 
binds  to  the  surface  to  form  an  adsorbed  monolayer,  and  ( b ) 
the  photophvsical  properties  of  the  adsorbed  layer  differ  from 
the  bulk  solution  characteristics.  In  the  vicinity  of  the  surface, 
the  fluorescence  decay  characteristics  are  not  simple,  with  evi¬ 
dence  for  at  least  one  kmetically  different  fluorophore,  the 
reasons  for  which  have  not  yet  been  identified,  but  are  the 
subject  of  current  investigations 


The  relationship  between  steady-state  fluorescence  inten¬ 
sity  and  the  evanescent  wave  is  becoming  more  important  m 
the  understanding  of  surface-solution  interactions.  Funda¬ 
mental  to  these  studies  is  the  knowledge  of  whether  the 
observed  changes  in  fluorescence  intensity  are  a  result  of  dif¬ 
fering  quantum  yields  or  changes  in  concentration  profiles 
The  data  reported  here,  clearly  demonstrate  the  ability  and 
ease  with  which  time-resolved  fluorescence  measurements  can 
resolve  these  criteria. 

Financial  support  from  the  SERC  and  the  U.S.  Army  Euro¬ 
pean  Research  Office  is  gratefully  acknowledged. 

References 

1  M.  Bom  and  E.  Wolf,  in  Principles  of  Optics,  McMillan.  New 
York,  1964 

2  N.  I.  Herrick,  in  Internal  Reflection  Spectroscopy,  Wiley  Inter- 
science,  New  York,  1967. 

3  N.  Ikeda,  T.  Kuroda  and  H.  Masuhara,  Chem.  Rhys.  Let t„  1989, 
1S6,  204. 

4  R.  Iwamoto,  M.  Miya,  K.  Ohta  and  S.  Mima,  J  Am  Chem  Soc., 
1980, 102, 1212. 

5  R.  Iwamoto,  M.  Miya  K  Ohta  and  S.  Mima  J-  Chem.  Phys., 
1981,74,4780 

6  T.  Hirschfeld,  Can.  Spectroscn  1965, 10, 128. 

7  N.  J.  Harrick  and  0. 1.  Loeb,  J.  Anal.  Chem.,  1973.  45,  687 

8  C  K  Canu glia,  L.  Mandel  and  K.  H.  Drexhage.  J.  Opt  Soc 
Am..  1972,  62.  479. 

9  W.  M.  Reichert.  P.  A.  Suci,  J.  T.  Ives  and  V.  Hiady,  Appl  Spec- 
trosc.,  1987, 41.636 

10  T.  P.  Burghardt,  J.  Chem.  Phys ,  1983. 78.  5913. 

11  T.P.  Burghardt  and  N.  L  Thompson.  Biophys.  J ,  1984. 46.  729 

12  N.  L  Thompson,  Biophys.  J..  1982, 38.  327. 

13  R  W  Watkins  and  C.  R.  Robertson,  J.  Burned  Mater  Res.. 
1977,11.915. 

14  T.  P.  Burghardt.  N  L  Thompson  and  D.  Axelrod,  Annu.  Rei 
Biophys  Bioeng..  1984. 13.  247. 

15  S  A.  Darst,  C.  R.  Robertson  and  J.  A.  Berzofsky,  Biophys  J.. 
1988. 53,  533. 

16  N  L  Thompson,  A.  G.  Palmer.  L.  L.  Wright  and  E.  Paula, 
Comm.  Mol.  Cell  Biophys..  1988,  5,  109. 

17  V  Hiady  and  J.  D.  Andrade.  Colloids  Surf..  1 988, 32.  359 

18  V  Hiady,  C.  Golander  and  J.  D.  Andrade.  Colloids  Surf.,  1988, 
33,  185 

19  V.  Hiady  and  J  Rickel.  Colloids  Surf..  1988, 34.  171. 

20  H  Masuhara.  N.  Malaya.  S.  Tazuke,  T  Marao  and  I.  Yama- 
zaki,  Chem.  Phys.  Lett..  1983, 100.  415. 

21  C.  Allain,  D.  Ausserre  and  F.  Rondclez.  Phys.  Re v.  Lett..  1982, 
49,  1694 

22  D.  Ausserre.  H.  Hervet  and  F.  Rondclez.  Phys.  Re i.  Lett.,  1985. 
54.  1948 

23  L.  Auvray,  J  Phys.  {Paris}.  1981. 42.  79 

24  D  Ausserre.  H  Hervet  and  F.  Rondelez.  J.  Phys.  Lett.,  1985,  46, 
929 

25  D  Ausserre,  H,  Hervei  and  F.  Rondelez,  Macromolecules,  1986. 
19,  85 

26  D  Ausserre.  H.  Hervet  and  F,  Rondelez,  Collect.  Colloq  Semin., 
1986.  42,  847. 

27  L.  Auvray.  J.  P.  Cotton.  M.  Daoud,  B.  Farnoux.  D.  Ausserre.  I 
Cacheleux,  H.  Hervert  and  F.  Rondelez,  Polym.  Prepr„  1988.  25. 
356 

28  G.  H.  Fredrickson.  Macromolecules,  1987, 20. 2535. 

29  H.  Masuhara.  S.  Tazuke.  N.  Tamil  and  I.  Vamazaki.  J.  Phys 
Chem..  1986.  90.  5830 

30  A.  Kurahashi,  A.  ltaya,  H.  Masuhara.  M.  Sato  and  T.  Yamada. 
Chem.  Leu..  1986, 8. 1413. 

31  A.  ltaya,  A.  Kurahashi,  H.  Masuhara,  N.  Timai  and  1.  Yama- 
zaki,  Chem.  Leu..  1987, 6. 1079. 

32  H.  Fukumura.  K.  Hayashi  and  C.  Koto,  J.  Colloid.  Interface 
Sci.,  1990, 135. 435. 

33  A.  J  Brown,  Ph.D.  Thesis,  University  of  London,  1989 

34  1.  Edwards.  D.  Aussere.  H.  Hervert  and  F.  Rondelez,  Appl.  Opt.. 
1989.  28.  1881 

35  J  Khademi.  M  Fisher.  B  Kapelle  and  V.  A.  Apkarian.  J.  Phys 
Chem..  1987.91.6526 

36  J  Sagiv.  J.  Am  Chem.  Soc..  1980. 102.  92 


7 


J  chem  soc  faradav  trans.  1991.  vol  87 

3  W-S  Chan.  R  k  Svensen.  D  Phillips  and  I  R  Han.  Br  J 
Cancer  1 986.  53.  355 
38  J  Zsss.  J  Mol  Elec: .  1985.  1.  35 

?9  D  Phillip.'  and  D  \  O’Connor,  in  Time-correlated  Single- 
Photon  Counting.  Academic  Press.  London.  1984 


40  M.  Ambroz.  A  Beebv,  A  J  MacRoben.  M  SC  Simpson  R  K 
Svensen  and  D  Phillips.  J  Photochem  Photobiol  B.  in  ihe  press 

41  J  R  knutsen.  J  M  Beecham  and  L  Brand,  Chem  Phis  Lett 

1983,102.501 


Paper  0/041 37H ;  Received  1  Uh  September,  1990 


Excimer  dissociation  in  dilute  solutions  of 
poly(styrene)  and  poly(2-vinylnaphthalene). 


by 

Christopher  F.  C.  Porter,  Garry  Rumbles 
and  David  Phillips* 

Department  of  Chemistry 

Imperial  College  of  Science  Technology  and  Medicine 
Exhibition  Road 
LONDON  SW72AY 
U.K. 


Kev  Words:  Polystyrene,  poly(2-vinylnaphthalene),  time-resolved,  gated-times,  dissociation. 


*  To  whom  correspondence  should  be  addressed. 


1 


Abstract. 

Time-resolved  fluorescence  spectra  of  purified  atactic  poly(styrene)  in 
methylene  chloride  and  methylcyclohexane  and  poly(2-vinylnaphthalene)  in 
benzene,  have  been  obtained.  At  late-gated  times,  only  excimer  emission  is 
observed.  Under  these  conditions,  reverse  dissociation  of  the  excimeric  species  to 
reform  singlet,  excited  state  monomeric  chromophore  is  thus  absent. 
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Introduction 


The  starting  point  for  the  interpretation  of  the  fluorescence  of  vinyl  aromatic 
polymers  such  as  poly(styrene)  is  the  Birks  kinetic  scheme  *  (scheme  1),  devised 
to  explain  excimer  formation  of  free  aromatic  molecules  in  solution.  A  feature  of 
the  scheme  is  the  thermally  activated  process  represented  by  the  rate  constant 
kMD  through  which  the  excimer,  (MM)*  undergoes  reverse  dissociation 
('feedback')  to  reform  singlet  excited  monomeric  species  M*.  The  manifestation 
of  such  a  process  would  be  a  long-lived  component  in  the  fluorescence  decay  of 
the  monomeric  species,  with  a  lifetime  characteristic  of  the  excimer  and  the 
appearance  of  fluorescence  in  the  monomer  spectral  region  at  long  times  after 
excitation,  such  that  the  monomer  to  excimer  intensity  ratio  becomes  constant 
by  virtue  of  the  equilibrium  set  up  between  the  species.  This  phenomenon  is  well 
documented  in  free  aromatic  molecules,  but  the  evidence  for  'feedback'  in 
poly(styrene)  is  conflicting  (late-gated  emission  spectra  of  poly(2- 
vinylnaphthalene)  have  not  been  reported  in  the  literature).  In  early  work  on 
this  polymer,  no  evidence  for  reverse  dissociation  was  presented  *  but  in  later 
studies,  spectral  and  kinetic  data  suggested  that  the  dissociation  did  occur  to  a 
small  extent8’9’10. 

In  view  of  the  conflict,  we  have  reinvestigated  these  systems  using  an 
apparatus  with  improved  time  and  spectral  resolution. 

Experimental. 

This  has  been  described  fully  elsewhere11.  For  the  work  carried  out  on 
poly(styrene),  a  mode-locked,  cavity-dumped  argon  ion  laser  (Spectra  Physics 
Model  165)  was  used  with  a  temperature  tuned  ADP  frequency-doubling  crystal 
to  give  150  ps  duration  pulses  at  a  repetition  rate  of  5  MHz,  and  at  a  wavelength 
of  257.25  nm.  Standard  single-photon  counting12  detection  techniques  were 
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employed,  with  a  Hilger  Watts  D330,  1/4  meter  grating  monochromator  used  to 
isolate  emission  wavelengths.  An  end-on  photomultiplier  tube  (Philips  XP2020Q) 
was  used  for  pulse  counting,  giving  an  overall  instrument  response  function  of 
approximately  600  ps. 

For  the  work  carried  out  on  poly(2-vinylnaphthalene  ),  a  mode-locked  cavity- 
dumped,  synchronously  pumped  dye  laser  (Coherent  Antares-701-3/CD)  was 
used  with  an  angle  timed  lithium  formate  frequency-doubling  crystal  to  give  10 
ps  duration  pulses  at  a  repetition  rate  of  1  MHz.  The  laser  was  tuned  to  emit 
radiation  at  a  wavelength  of  283  nm.  Using  a  Hamamatsu  R1564  U-01 
microchannel  plate  photomultiplier  tube  the  instrument  response  function  was 
around  100  ps.  The  steady-state  fluorescence  spectra  were  taken  on  a  Perkin 
Elmer  LS5B  spectrofluorimeter. 

Atactic  poly(styrene)  was  obtained  from  BDH  and  purified  by  making  up  a 
concentrated  solution  using  benzene  (Aldrich  HPLC  grade)  as  solvent  and  by 
precipitation  by  addition  to  chilled  methanol  (Aldrich  HPLC  grade).  The 
procedure  was  repeated  eight  times. 

Poly(2-vinylnaphthalene)  was  obtained  from  Aldrich  and  purified  by  the 
process  of  impurity  abstraction  from  the  polymer  film  using  acetonitrile 
(Aldrich  HPLC  grade). 

Methylene  chloride  (Aldrich  HPLC  grade)  was  freshly  distilled  over 
phosphorus  pentoxide.  Methylcyclohexane  (Aldrich,  Gold  Label)  grade  was 
purified  by  abstraction  of  aromatic  impurities  13,14  by  sulphonation  followed  by 
successive  passage  through  basic  alumina  then  activated  silica  gel.  Benzene 
(Aldrich  HPLC  grade)  was  used  without  further  purification.  All  solvents  were 
tested  for  impurities  using  fluorescence  spectroscopy  by  comparison  of  Raman 
bands  as  a  reference. 

All  samples  were  outgassed  by  the  technique  of  freeze-pump-thaw  cycles.  All 
experiments  were  carried  out  at  a  temperature  of  292  K  unless  otherwise  stated. 
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Results  and  Discussion 


Figure  1  shows  the  total  fluorescence  spectia  of  poly(styrene)  in  outgassed 
methylene  chloride  and  poly(2-vinylnaphthalene)  in  benzene  to  be  dominated  by 
the  excimer  contribution,  as  has  been  reported  elsewhere  2’10,15.  'Gated'  spectra 
for  polv( styrene)  are  shown  in  figure  2a,  from  which  it  is  seen  that  at  time  zero, 
the  excimer  contribution  is  absent  but  that  as  the  monomeric  contribution  to 
fluorescence,  decays,  the  excimer  grows  in  importance.  At  1.7ns  after 
excitation,  the  monomer  species  is  still  visible.  At  longer  times  after  excitation 
however,  figure  2b,  the  monomeric  contribution  is  absent,  and  the  excimer 
fl,,orf>crpnre  plotted  on  an  energy  scale  (Fig.  2c)  ie  reasonably  well  represented 
by  a  Gaussian  function  as  predicted  by  the  Frank-Condon  projection  of  the 
electronic  excited  state,  vibrational  ground  state,  onto  a  repulsive  electronic 
ground  state.  The  same  is  true  of  poly(styrene)  in  methylcyclohexane  at  room 
temperature  (figure  4)  and  the  dominant  excimer  in  poly(2-vinylnaphthalene) 
(figure  3). 

It  is  clear  from  this  work  that  reverse  dissociation  of  the  excimer  does  not 
occur  under  these  conditions.  Increasing  the  temperature  (figure  4)  however 
resulted  in  a  blue  shift  of  the  excimer  emission  of  438  cm*1  for  a  temperature  rise 
of  48  K.  Coincident  with  the  resulting  spectral  overlap  of  the  excimer  emission, 
monomer  absorption,  there  is  the  appearence  of  a  small  contribution  to 
fluorescence  in  the  blue  edge  of  the  emission  band  (Figure  5).  This  may  be  due  to 
feedback',  however  the  spectral  overlap  between  hot  ground-state  absorption 
and  excimer  emission  cannot  preclude  a  'trivial'  population  mechanism  of 
excimer  emission  followed  by  monomer  reabsorption.  The  case  of  poly(2- 
vinylnaphthalene)  has  yet  to  be  fully  investigated. 

The  present  poly(styrene)  results  differ  from  those  reported  earlier8,9,10  lower 
temporal  resolution  (instrument  reponse  function  of  7  ns  FWHM).  It  seems 
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possible  that  the  discrepancy  is  due  to  the  duration  of  the  excitation  pulse  in 
these  experiments,  such  that  even  at  time-gates  nominally  some  20  ns  after 
excitation,  the  spectra  recorded  contained  features  due  to  directly  excited 
monomeric  species.  A  more  likely  explanation  however,  would  be  that  in  the 
former  experiments,  a  free  molecular  phenyl  based  impurity  was  present.  For 
example,  isopropyl  benzene  has  a  fluorescence  decay  time  similar  to  that  of  the 
poly(styrene)  excimer  16,  and  thus  direct  excitation  would  give  a  contribution  in 
the  monomer  region  at  late  gates.  In  the  present  experiments,  great  care  was 
taken  in  the  purification  of  the  polymers.  Late-gated  emission  spectra  of  poly(2- 
vinylnaphthalene)  has  not  been  reported  in  the  literature. 

These  results  show  that  particular  care  must  be  taken  in  recording  and 
interpreting  spectra  and  decay  characteristics  of  these  polymers,  in  which 
excimeric  reverse  dissociation  to  reform  excited  singlet  state  monomeric  species 
is  now  seen  to  be  absent  in  poly(styrene)  and  in  the  case  of  the  dominant  excimer 
in  poly(2-vinylnaphthalene). 
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Figured 
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Scheme  1 

Birks'  kinetic  scheme  for  excimer  formation  and  decay. 


Figure  1 

(a)  Total  fluorescence  spectrum  of  polystyrene  dissolved  in  outgassed  methylene  chloride. 

(b)  Total  fluorescence  spectrum  of  purified  P2VN  dissolved  in  degassed  benzene. 

Figure  2  Polystyrene  dissolved  in  outgassed  methylene  chloride. 

(a)  Gated  spectra:  Pulse  width,  600  ps  (FWHM)  gate  width,  5t  =  0.4  ns. 

At  =  0  ns  At  =  1.0  ns  At  =  1.7  ns 

( b )  Late-gated  spectra.  Pulse  width,  600  ps  (FWHM)  gate  width,  5t  =  4  ns. 

At  =  20  ns  At  =  30  ns  At  =  40  ns 

(c)  Late-gated  spectrum  plotted  on  an  energy  axis. 

Figure  3  Poly(2-vinylnaphthalene)  dissolved  in  outgassed  benzene. 

Late-gated  spectrum  plotted  on  an  energy  axis  (At  =  255  ns). 

Figure  4 

Late-gated  spectra  of  polystyrene  dissolved  in  methylcyclohexane  at  the  temperatures  of: 

(i)  292  K  (ii)  322  K  (iii)  340  K 


Figure  5 

Polystyrene  dissolved  in  methylcyclohexane. 

Detailed  examination  of  the  blue  edge  of  the  excimer  emission  at  the  temperatures  of: 

(a)  292  K 

(b)  340  K 
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